The nuclear scattering at energies well above the Coulomb barrier allows for a fairly sensitive examination of the parameters of the optical potential when the relevant couplings are included into the calculations. In this work we present experimental angular distribution data for the elastic and inelastic scatterings of 16 O impinging on 27 Al and 28 Si target nuclei at E lab = 240 MeV. The experimental data were measured at 7 • < θ c.m. < 16 • with good angular resolution. Experimental data are compared with coupled channel calculations with the inclusion of couplings to excited states in the target and projectile. We show that the shape of angular distributions are sensitive to the mass diffuseness parameter and the best agreement is achieved for a = 0.62 fm.
I. INTRODUCTION
High precision measurements of the elastic scattering may provide reliable information about the optical potential (OP) in the interaction of heavy nuclei. In general, the angular distribution of the elastic cross sections exhibits a characteristic fall-off at backward angles which is interpreted as Fresnel or Fraunhofer diffraction patterns in the wave-optical description of the scattering [1] . Besides, the scattering of α-cluster nuclei can exhibit more interesting features. For instance, the elastic scattering of 12 C + 16 O at 80 MeV [2] has large cross sections at backwards angles, known as anomalous large angle scattering and later identified as an interference from the indistinguishable α-transfer reaction [3] . At higher beam energies, the elastic scattering exhibits local minima in the angular distributions associated to Airy minima and the interpretation of nuclear rainbow-like structure in nuclear collisions [4, 5] .
The appearance of nuclear rainbow in the elastic scattering requires a low depth of the imaginary term in the OP (transparent systems). The details of the nuclear rainbow have been exploited to remove ambiguities in the OP parameters [5] . The elastic scattering of 12 C + 16 O at 330 MeV [6] has been revisited in the context of an extended double-folding model. The inclusion of 3 − 1 and 2 + 1 states in 16 O in the calculations were crucial to fully describe the angular distribution and highlights the appearance of a secondary nuclear rainbow due to coupling with excited states. This is referred to as a nuclear rainbow [7] generated by the dynamics of the couplings to excited states. A similar analysis has been performed for the scattering of 13 C + 16 O system that also points to the presence of dynamical rainbow in the elastic scattering [8] .
Evidences of the dynamical rainbow-like structure in the elastic scattering of 16 O + 27 Al system at 100 MeV and 280 MeV have been reported in Refs. [9, 10] , respectively.
Theoretical calculations of the elastic cross sections have been performed using a doublefolding based OP, with the imaginary factor that effectively takes into account the loss of flux to dissipative processes and inclusion of 27 Al low-lying states in the coupling matrix. This theoretical recipe gave a reasonable description of both the elastic and inelastic scatterings at 100 MeV, but it was not sufficient to explain the scattering at higher beam energies, where it was required an attenuation of the real part of the OP [10] . Couplings to peripheral reactions like p-transfer and α-transfer have not improved the overall agreement between experimental data and theoretical curves.
In a recent work, the elastic and inelastic scatterings of 16 O + 60 Ni have been measured at 260 MeV [11] . Theoretical calculations considered couplings to excited states in 16 O and 60 Ni by means of an imaginary potential deformation according to Refs. [12, 13] . These have shown to be crucial for a good description of the elastic and inelastic scattering in both 16 In this work we perform a further investigation of the role of excited states of 16 O in the scattering by 27 Al and the isotone 28 Si at 240 MeV. Angular distributions of elastic and inelastic cross sections have been measured at very forward angles (4 • < θ lab < 12 • ) with high angular resolution. Theoretical calculations take into account couplings to excited states in both projectile and target nuclei also considering the deformation of the imaginary potential, following the method indicated in Ref. [11] . This paper is organized as follows: the experimental details and the theoretical analysis are discussed in sections II and III, respectively. The conclusions are given in section IV.
II. EXPERIMENTAL DETAILS
The measurements were performed at the Istituto Nazionale di Fisica Nucleare -Laboratori Nazionali del Sud, Catania, Italy. The 240 MeV 16 O 6+ beam was delivered by the superconducting cyclotron. A 27 Al (89 µg/cm 2 thickness) and 28 Si (148 µg/cm 2 thickness) self-supporting foils, produced by evaporation, were used as targets. The target thickness was estimated by scanning the thin film with a collimated α-source and measuring the residual energy of the emerging α particles.
After traversing the target, 16 O 8+ ejectiles from the reaction were momentum analyzed by the MAGNEX spectrometer [14] [15] [16] [17] set in the full acceptance mode (Ω ∼ 50 msr). Parameters of the final trajectory (i.e. vertical and horizontal positions and incident angles) were measured by the focal plane detector (FPD) that also allows for particle identification [18] .
Typical spectra for particle identification in the FPD are shown in Fig. 1 , obtained in the measurements with the 27 Al target nucleus. Similar plots are observed in the measurements with 28 Si target. The oxygen particles were selected in a standard E-∆E plot (red graphical estimated from the full width half maximum of gaussian curves fitted to the elastic peak. In the 27 Al spectrum (Fig. 3a ), the 1/2 + 1 (0.81 MeV) and the 3/2 + 1 (1.01 MeV) states (peak 2) are superimposed to the tail of the elastic peak. The small bump on the left of the elastic peak is due to 16 O ejectiles scattered by the heavy contaminant present in the target. The other identified peaks are associated with the 7/2 + 1 (peak 3) and to the sum of 5/2 + 2 , 3/2 + 2 and 9/2 + 1 (peak 4) states. These low-lying states in 27 Al are the quintuplet generated by 28 Si target nuclei. In (a), the tiny peak 2 relative to the 1/2 + 1 (0.81 MeV) and the 3/2 + 1 (1.01 MeV) states are in the tail of the elastic peak (number 1); peak 3 corresponds to the 7/2 + 1 (2.21 MeV); peak 4 to the sum of 5/2 + 2 (2.73 MeV), 3/2 + 2 (2.98 MeV) and 9/2 + 1 (3.00 MeV). In (b), the elastic peak is well resolved from 2 + 1 state (1.78 MeV), respectively labelled as 6 and 7. In both spectra is observed a broad peak (labelled as 5 and 8) that corresponds to excitation of 16 O projectile along with states in the target nuclei. the 1d 5/2 proton hole coupled to the 2 + rotational state in 28 Si core. In the 28 Si spectrum ( Fig. 3b ), the 2 + state (peak 7) is well resolved from the elastic (peak 6). There is also a small contribution from a heavier contaminant in the target underneath the elastic peak as in the 27 Al spectrum. The 4 + (4.62 MeV) and 0 + (4.98 MeV) states are suppressed compared to the 2 + . Moreover, in both spectra a bump is observed at 6.0 -6.5 MeV (peaks 5 and 8) which is interpreted as excitation of 16 O projectile followed by γ-emission in-flight superimposed to high-lying states in the target nuclei.
For each angular step, the yields in the elastic and inelastic peaks have been extracted from gaussian fits to the excitation energy spectra. An example of such fitting procedure is
Al excitation energy (MeV) The width of the two gaussian curves (dashed green) were restricted to the experimental conditions. No background was considered in these fits.
The peak associated with the contaminant in the target has been fitted independently for the angular steps in which it was clearly separated from the elastic peak. The contaminant yields in this way have been extrapolated to low angles assuming a Rutherford-like elastic scattering curve. These extrapolated yields have been subtracted from the elastic peak of the angular bins in which they are not fully resolved.
The error bars in the experimental cross sections correspond to uncertainty in the solid angle determination and counting statistics. A systematic uncertainty in the cross section of 10%, coming from uncertainties in the target thickness and beam integration by the Faraday cup, is common to all the angular distribution points and is not included in the error bars.
III. CALCULATIONS AND DISCUSSION
The elastic and inelastic scattering of 16 O on 27 Al and 28 Si were measured at bombarding energy ∼ 6.8 times higher than the Coulomb barrier. At this energy many reaction channels are open, such as nucleonic transfer reactions which produce many ejectile species (see Fig. 1 ). The number of direct reaction channels to be incorporated in a full coupled reaction calculation can be computationally prohibitive. Transfer reactions of few nucleons take place at the peripheral region of the nuclei and may be theoretically described by coupled reaction channels (CRC) calculations. Inelastic channels are well described by coupled channel (CC) calculations and account for the collective excitations of the nuclei. Here we focus mainly on static effects (due to the deformation of target nuclei) and dynamical effects emerging from the coupling of inelastic channels. The incorporation of possible resonant effects, via the method discussed in [11] , will also be applied. The main transfer reactions will be studied in a forthcoming work. MeV) and 9/2 + (3.00 MeV), are interpreted in a weak-coupling scheme as a proton hole in the 1d 5/2 sub-shell built on the 2 + rotational state of the 28 Si core. On the other hand, the energy levels spectrum of 28 Si do not follow a simple rotational model [21] . Here we are treating these nuclear systems in the same theoretical grounds to investigate the effects of couplings, potential parameters and static deformations on the elastic and inelastic cross section angular distribution.
All calculations have been performed using the FRESCO code [22] and convergence was achieved considering a matching radius of 20 fm and 300 partial waves. The theoretical curves shown here take into account the experimental angular resolution. For the nuclear optical potential we adopted U(r) = [N r + i · N i ] × V SP P (r), where V SP P (r) is the São Paulo potential (SPP) [23] [24] [25] . It was verified that this SPP-based optical potential, with normalization factors of N r = 1.0 and N i = 0.78, provides a reasonable description of the elastic scattering for a large set of systems [26] , and it is an useful starting-point for our calculations. As the nuclei involved in the present reactions present large deformation parameters, we set the calculations in order to guarantee the volume conservation up to second-order correction.
A. Coupling Effects
To assess the effect of couplings in the elastic scattering we first performed an optical model calculation using the SPP-based optical potential with N r = 1.0 and N i = 0.78, as previously mentioned. The comparison of such optical model with experimental data in 27 Al and 28 Si is shown in Fig. 5 (dotted red line) . For both systems, the same result is observed: the angular distributions are not well described by this calculation, specially at scattering angles θ c.m. > 10 • , in which the experimental minima positions and, mainly, the amplitude of oscillations are not well reproduced. In the next step, we have included inelastic channels associated to target excitations. For the 27 Al target, the low-lying states 1/2 + (0.84 MeV), 3/2 + (1.01 MeV), 7/2 + (2.21 MeV), 5/2 + (2.73 MeV) and 9/2 + (3.00 MeV) were considered. Some of them are clearly observed in the excitation energy spectrum (see Fig. 3a ). For the 28 Si target, we included the 2 + state (1.78 MeV), observed in the excitation energy spectrum (see Fig. 3b ). The intrinsic matrix elements for these transitions were calculated from the experimental reduced transition probabilities B(E2) and are listed in Table I . We have also included the 4 + and 0 + in 28 Si.
The calculations assuming the couplings to excited states of the target are indicated as dashed cyan lines in Fig. 5 . The parameters of the OP were kept as before. The effects of coupling with excited states in the target is to introduces a small displacement on the phase at θ c.m. > 10 • . However, the couplings to the inelastic channels of target are still not sufficient to properly describe the data.
Recently, in Ref. [11] it has been pointed out that the excitation of 16 O projectile may play an important role in the scattering of nuclei at energies well above the Coulomb barrier.
In the excitation energy spectra (Fig. 3) , a peak roughly at 6 MeV appears in both systems that is possibly related to the excitation of the projectile, namely, the 3 − state of 16 O with E * = 6.1 MeV. This channel has been added to the previous coupling scheme (considering the 0 + → 3 − transition) using the B(E3) ↑ value of 0.0015 e 2 b 3 reported in Ref. [30] . The results of such coupling may be seen in Fig. 5 as the black line. Once again, the effect of this channel is to introduce a small shift in the minima positions at the backward region.
Once again, the inclusion of inelastic channels is not sufficient to damp the oscillations seen in the calculations. The inclusion of transfer reaction channels (p-transfer and α-transfer)
does not appreciable change the calculations shown so far and we are not showing here.
B. Potential Effects
Considering all couplings to excited states of the target and projectile nuclei above mentioned, we examined the effects of the imaginary normalization factor (N i ) in the angular distribution for the elastic scattering. The usual value, according to a systematic analysis performed in Ref. [26] , is N i = 0.78 and this calculation is shown in dotted red lines in Fig. 5 . The explicit inclusion of inelastic channels in the coupling scheme may require an attenuation of the absorption in the OP. We performed same calculations varying the values for N i . In Fig. 6 we only show the curves for CC calculation with N i = 0.6 and 0.7. For reference we also show the black line from Fig. 5 . The imaginary factor does not result in a perceptibly improvement in the agreement between calculation and data. We just observe a small decrease of the amplitude of oscillation at θ > 10 • and no shifts in the minima angles. At high bombarding energies, highly collective states of the target nucleus can be populated. The inclusion of couplings to these states is still an open topic for the theory of direct reactions. In Ref. [11] it was discussed a possibility to effectively take these couplings into account in a CC calculation using a deformed complex coupling potential, inspired by the Bohr-Mottelson unified model [31, 32] . For the deformation of the imaginary part of the OP, we carried out a multipole expansion up to the octupole term, just as it is made to the deformation of the real part of the potential. The calculation with deformation is shown in green lines of Fig. 6 . The best correspondence of data to theoretical calculations is achieved for imaginary normalization of N i = 0.6 (for the 27 Al) and N i = 0.7 ( 28 Si). The deformation of the imaginary term of the OP reduces the amplitude of oscillation in the calculations, barely modifying the position of minima.
As mentioned before, the transfer reaction channels (not shown here) do not improve the agreement between calculations and data. Dynamical and potential effects seems not sufficient to describe our experimental data so we proceed to study the static effects.
C. Static Effects
It is well known that both target nuclei are deformed, as indicated by their high electric quadrupole moment: Q = +0.14(1)b for 27 Al and Q = +0.16(1)b for 28 Si, according to [33] . One way to include such intrinsic deformation is to adjust the nuclear mass diffuseness parameter of the OP. In the systematics for the SPP, this value was set to a = 0.56 fm.
It is important to mention that this systematic values for the nuclear mass distribution is based on 2 parameters for the Fermi distribution that is considered to be spherical. A way to effectively account for the deformation of the matter density in the ground state might be achieved by changing the radius or the diffuseness of the matter distribution. In
Refs. [34, 35] the deformation has been treated by changing the mass diffuseness. In these works, the quasi-elastic barrier distribution has been studied and it was shown that on 18 O+ 60 Ni, 18 O+ 63 Cu system, the centroid of the barrier was very sensitive to the increment of the matter density of the 18 O, considered as 16 O core plus 2 neutrons. For this reason, these 2 extra neutrons produce a matter density that is more diffuse than the usual nuclei, as is the case also in halo nuclei, in a smaller scale. The same situation was also observed in the reaction involving 17 O projectile due to the same reasons.
A similar approach has been used in the present work, studying effect of the nuclear mass diffuseness parameter to the angular distributions. The results are shown in Fig. 7 .
The calculations performed in this section used the couplings discussed in section III A. The elastic angular distribution is quite sensitive in the backward angular region to the variation of mass diffuseness. The calculations definitely show that, for a proper description of the distribution, the static deformation of nuclei must be incorporated on calculations (via the diffuseness parameter in the optical potential on this case). The comparison of data with calculations showed that such diffuseness should be between a = 0.62 and 0.65 fm. We also included second-order corrections for the deformation based on the generalized rotationvibration model as described in Ref. [36] , that dealt with the effect of the finite diffuseness value of the nuclear density, not observed in pure vibrational or rotational models. The effect of such corrections, applied to the calculation with a = 0.62 fm, is represented by the black curve in Fig. 7 . Fig. 8 shows the inelastic angular distribution of both systems. For the 27 Al, the experimental cross sections correspond to the sum of the 5 low-lying states, and for the 28 Si it is just the first 2 + excited state. The minima observed in the angular distributions are more pronounced in the 27 Al than in 28 Si because the individual inelastic cross sections for 1/2 + , 3/2 + , 7/2 + and 9/2 + excited states (in 27 Al) oscillates in phase, as expected for the coupling of a 1d5/2 proton hole to a 28 Si core (see Fig. 9 ). In addition, the coulomb interaction is stronger for 28 Si than for 27 Al and causes the attenuation in the minima for 28 Si compared to the 27 Al. The calculations with the usual adopted mass diffuseness parameter (a = 0.56 fm) is represented by the green curves. We also show the calculation for mass diffuseness parameter set to a = 0.62 fm (dashed orange curves). In both systems these calculations overestimate the experimental data. However, when we include the finite diffuseness correction a slightly better agreement is observed (black line in Fig. 8 ). The oscillations of the 27 Al inelastic states are not so well reproduced as those of the silicon case, probably because the separation of these states and the elastic channel on the experiment was not so good and some contamination may occur. One may also observe on Fig. 7 that such correction results in a small change on the elastic scattering. Even there, data and theoretical lines are compatible.
IV. CONCLUSIONS
To summarize, in this work we presented new experimental data for the cross section of elastic and inelastic scatterings of the 16 O by the isotones 27 Al and 28 Si nuclei at E lab = 240
MeV. The high accuracy and precision of the data allowed us to analyze in detail the OP models adopted for these systems. To obtain a better agreement with experimental data we need to apply a twofold procedure: i) consider the deformation of the imaginary term of the OP and ii) operating fine tuning of the mass diffuseness parameter. In the present case we concluded that the angular distributions of the cross sections for the elastic and inelastic scattering are well described using a = 0.62 fm, which is slightly higher than the usual values in the systematics of the SPP (a = 0.56 fm). 
